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We investigate single-particle properties of a strongly interacting ultracold Fermi gas with mass im-
balance. Using an extended T -matrix theory, we calculate the density of states, as well as the single-
particle spectral weight, in the unitarity limit above the superfluid phase transition temperature Tc.
We show that the momentum regions where pairing fluctuations strongly aect single-particle exci-
tations are dierent between light fermions and heavy fermions, reflecting the dierence of the Pauli
blocking eects between them. In addition, we obtain dierent pseudogap phenomena associated
with pairing fluctuations in between the two components. Since the realization of a mass-imbalanced
superfluid Fermi gas is an important challenge in this field, our results would contribute to the under-
standing of physical properties of the hetero-pairing state.
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1. Introduction
Since the realization of the BCS (Bardeen-Cooper-Schrieer)-BEC (Bose-Einstein condensation)
crossover in ultracold Fermi gases [1–3], the high controllability of this quantum system has attracted
much attention [4]. More recently, JILA group has developed the photoemission-type experiment
[5, 6], which enables us to study single-particle properties of this system in a microscopic manner.
Indeed, using this technique, JILA has observed the pseudogap phenomenon in the crossover region
[5,6], where a gap-like structure appears in the single-particle excitation spectrum, even in the normal
state. Stimulated by this experiment, several theoretical groups [7–12] have discussed the pseudogap
physics in this system.
Besides the tunable interaction, “flexibility” with respect to the choice of particle species has also
recently attracted much attention, as a route to explore further variety of Cooper pairings. Indeed, in
addition to the “conventional” 40K-40K [1] and 6Li-6Li [2] Fermi gases, 40K-6Li Fermi gases have
been realized [13–15]. In this system, a Cooper pair naturally consists of dierent species (a 40K
atom and a 6Li atom) having dierent masses, so that one can expect a Fermi superfluid, being
dierent from the ordinary Fermi condensate of homo-pairs. Indeed, the so-called Sarma phase [16]
has been predicted there [17]. In addition, since hetero-type Fermi superfluids have been discussed in
various systems, such as an exciton gas [18], an exciton-polariton condensate [19] in a semiconductor,
as well as color superconductivity in a dense quark matter [20], the study of the mass-imbalanced
superfluid Fermi gas would also contribute to the further development of these fields. So far, although
the formation of hetero-molecules has already been achieved [15], their superfluid instability is still
in progress.
In this paper, we investigate a two-component unitary Fermi gas, to see how the mass imbal-
ance aects strong-coupling properties of this system. In particular, we focus on the pseudogap
phenomenon associated with strong pairing fluctuations. Using an extended T -matrix approxima-
tion [21,22], which is valid for the case with mass imbalance [23], we calculate the density of states,
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as well as single-particle spectral weight, above the superfluid phase transition temperature Tc. We
show that the Pauli blocking eect, as well as the pseudogap phenomenon, are very dierent between
the light mass component and heavy mass component. Throughout this paper, we set ~ = kB = 1, and
the system volume V is taken to be unity, for simplicity.
2. Extended T-matrix theory for a mass-imbalanced Fermi gas
We consider a two-component Fermi gas with mass imbalance, described by the Hamiltonian,
H =
X
p;
pc
y
pcp   U
X
p;p0;q
c
y
p+q=2;Lc
y
 p+q=2;Hc p0+q=2;Hcp0+q=2;L: (1)
Here, cyp; is the creation operator of a Fermi atom, where the pseudospin  (= L;H) specifies the
light (L) and heavy (H) mass component. The kinetic energy p = p2=(2m)    is measured
from the chemical potential  (where m is an atomic mass (mL  mH)).  U(< 0) is a tunable
pairing interaction [3]. As usual, we measure the interaction strength in terms of the s-wave scattering
length as, which is related to the pairing interaction  U as 4as=m =  U=[1   UPp m=p2], where
m 1 = [m 1L +m 1H ]=2. The unitarity limit which we are considering in this paper is given by a 1s = 0.
For simplicity, we deal with a uniform system, ignoring eects of a harmonic trap.
To include strong-coupling corrections to single-particle excitations in the presence of mass im-
balance, we employ the extended T -matrix approximation developed in Refs. [21, 22]. In this the-
ory, the self-energy correction (p; i!n) in the single-particle thermal Green’s function G 1p(i!n) =
i!n   p   (p; i!n) is given by [21, 22]
(p; i!n) = T
X
q;in
 (q; in)Gq p; (in   i!n); (2)
where !n and n are fermion and boson Matsubara frequencies, respectively. In Eq. (2),   means
the opposite component to  (= L;H). The particle-particle scattering matrix  (q; in) =  U=[1  
U(q; in)] describes pairing fluctuations, where(q; in) = T Pp;i!n G0p+ q2 ;L(in+i!n)G0 p+ q2 ;H( i!n)
is a pair-propagator (where G0p(i!n) = [i!n   p] 1 is a Green’s function of a free -spin atom).
As usual, the superfluid transition temperature Tc is determined from the Thouless criterion [24],
 (q = 0; in = 0) 1 = 0, together with the number equations N = T Pp;i!n Gp(i!n) under the un-
polarized condition NL = NH  N=2, to determine (Tc; L; H) self-consistently. Above Tc, we only
solve the number equations for N, to determine . The single-particle spectral weight A(p; !), as
well as the density of states (!), are evaluated from the analytic continued Green’s function as,
respectively,
A(p; !) =  1

Im

Gp(i!n ! ! + i); (3)
(!) =
X
p
A(p; !): (4)
3. Single-particle properties of a mass-imbalanced unitary Fermi gas
Figure 1 shows the single-particle spectral weight A(p; !) in the normal state of a unitary Fermi
gas, when mL=mH = 0:2. In the light mass component shown in panel (a), one sees that the peak width
rapidly changes around the Fermi momentum kF  (32N)1=3, namely, the peak is sharp (broad) when
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Fig. 1. Calculated intensity of the single-particle spectral weight A(p; !) in the unitarity limit ((kFas) 1 =
0). (a) Light mass component. (b) Heavy mass component. We set mL=mH = 0:2, and T = 0:21TF, where
TF = (32N=2
p
2)2=3=m). The spectral intensity is normalized by the inverse of the Fermi energy "F (= TF).
The momentum is normalized by the Fermi momentum kF.
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Fig. 2. Calculated density of states in the unitarity limit. (a) Light mass component. (b) Heavy mass compo-
nent. We take mL=mH = 0:4. In this case, the superfluid phase transition temperature equals Tc = 0:15TF.
p < kF (p > kF). In contrast, such a remarkable change of the peak width is not seen around p = kF in
the heavy mass component (panel (b)).
To understand the reason for this dierence, it is convenient to consider the non-interacting case.
In this simplest case, while both components have a common Fermi momentum kF at T = 0, the
Fermi temperature of the heavy mass component T HF = k
2
F=(2mH) is lower than that of the light mass
component T LF = k
2
F=(2mL), reflecting mH > mL. Then, noting that the scaled temperature T=TF
determines the Fermi degeneracy of the -component, one can expect that quantum eects are more
remarkable in the light mass component than in the heavy one, for a given temperature T . That is,
in the light mass component, particle scatterings below the Fermi level are suppressed by the Pauli
blocking eect, leading to the sharp spectral peak in this regime. Since the Pauli blocking does not
work above the Fermi level, light fermions in this regime have broad spectral widths, as shown in
Fig.1(a). On the other hand, since the heavy mass component is eectively closer to the classical
regime (T  T HF ), the Fermi distribution function is more broadened by thermal eects than the case
of light fermions. Thus, the Pauli blocking eect below the Fermi level is weaker than the case of
the light mass component, so that the spectral peak width does not rapidly change around the Fermi
level, as shown in Fig.1(b).
The importance of the scaled temperature T=TF is also seen in the pseudogap phenomenon, as
shown in Fig.2. With increasing temperature from Tc, eects of thermal fluctuations become stronger
in the heavy mass component, due to the higher scaled temperature T=T HF (> T=T LF ). Thus, the
pseudogap in the density of states H(!) is soon smeared out to disappear above Tc, as shown in
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Fig.2(b). In contrast, panel (a) shows that the pseudogap in the light mass component remains, even
at T = 1:3Tc (where the pseudogap in the heavy component has disappeared).
4. Summary
To summarize, we have discussed a mass imbalanced Fermi gas in the unitarity limit. Using an
extended T -matrix theory, we clarified how the mass imbalance aects single-particle properties of
this system in the normal state. Since heavy mass component eectively feels a higher scaled temper-
ature T=T HF (> T=T LF ) than the light mass component, the former is more sensitive to thermal eects.
This naturally leads to dierent momentum dependences of the peak width in the spectral weight
A(p; !) around the Fermi level. In addition, we also showed that the pseudogap structure in the den-
sity of states disappears sooner in the heavy mass component than in the light mass component, as
one increases the temperature from Tc. Since strongly interacting mass-imbalanced Fermi superflu-
ids have recently attracted much attention in various fields, such as a 40K-6Li gas mixture, an exciton
(polariton) gas in a semiconductor, as well as color superconductivity in a dense quark matter, our
results would contribute to the development of these novel Fermi superfluids.
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